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ALTTTUDE INVESTIGATION OF THRUST AUGMENTATION USING WATER-AT.COHOL
INJECTION INTO THE COMBUSTION CHAMBERS OF AN
AXTAT.-FLOW TURBOJET ENGINE

By E. T. Jansen and P. E. Rensas

SUMMARY

An iﬁvestigation'was conducted in an altitude test chamber at the
NACA Iewls lsboratory to determine the altitude performance of an axial-
flow turbojet engine using water-alcchol inJjection into the combustion
chanbers. Data were obtained over a range of altitudes from 30,000 to
50,000 feet &t a flight Mach number of 0.80. At each flight comdition
the liquid-eir ratios were varled bebtween O and about 0.10 for each of
four conical exhsust nozzles.

Net thrust augmentation ratios of 1.25, 1.23, and 1.21 were obtalned
at a liquid-air ratio of 0.10 for altitudes of 30,000, 40,000, and
50,000 feet, respectively. In order to have this thrust augmentation,
which was obtained at 1limlting turbine-outlet temperature, a contlinuously
variable-area éxhaust nozzle would be required. Operation with only the
standerd exhaust nozzle and with a liguld-air ratioc of 0:10 resulted in
a variance of the augmented net thrust from 1.14 to 1.195 as the alti-
tude was increased from 30,000 to 50,000 feet. The use of 10,000 gal-
lons of water-alecohol mixture dn 7.5 hours of engine running time
resulted in no noticeable engine structural deterioration. Engine oper-
atlon was smooth at all times regardless of the injection flow rates.’

INTRODUCTION

The increasing need for higher thrust of short time durstion so as
to 1mprove the take-off conditions and certain £light maneuvers places a
new demand on the aircraft engine industry. The requirement of higher
thrust for aircraft still in the deslign stage may often be satisfiled by
the turbojet engine fitted with an afterburner. On the other hand, the
installation of afterburners in existing aircreft to improve £light per-
formance 1s often an impossibility because of nacelle or fuselage space
limitations. The need is therefore appsrent for a more simplified method
of .augmenting turbojet engine thrust which will be applicable to exilsting
aircraft. Theoretical studies of means of augmenting turbojet engine
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thrust (refs. 1 to 3) have shown that in addition to afterburning, lig-
uid injection into the compressor, liguid injectiom into the combustion
chamber, and seperate burning of fuel in alr hled from the compressor
each provides promising increases in thrust. Of the systems mentioned,
liguid injection inta the combustion chamber has the advantage of sim-
plicity with regard to existing alrcraft engine installations.

Experimental investigations Of liguld inJection augmentation
using a water-alcohol mixture at sea-level static conditions have heen
reported in references 4 to 7 for compressor-inlet, interstage,
combustion-chamber, and combination injectlion systems and at altitude in
reference 8 for compressor-inlet and interstage injection. These data
show appreciable thrust gains, with reference 7 showing a thrust augmen-
tation at sea level of 32.5 percent-at a ratio of liquid flow to air
flow of 0.148 with a combination of compressor sixth-stage and, combustion-
chamber injection. For combustion-charmber injection alone, the augmented
thrust was 24.5 percent at a ligquid-air ratioc of Q.10. Liquid flow is
defined as the total liquid inJjected into the engine excluding engine
fuel flow. In the present lnvestigation, because simplicity of ilnstalla-~
tion and control are’ of paramount -importance, the combustion-chamber
injection system was chosen for investigatlon at altitude conditions.

The investigation reported herein, which was conducted in an NACA
Lewis altitude test chamber, covered a range of altitudes from 30,000 to
50,000 feet at a flight Mach number of 0.8. Liquid-air ratios, the lig-
uid'being a water-alcohol mixture, were varied between 0O and about 0.10
for each of four conical exhaust nozzles having areas varying from the
normal area to 893.7 percent of the normal srea. The performance of the
over-all engine-along with component performance was obtained. From
thege data, performance cross plots of the engine operating at limiting
turbine-outlet temperature, which represents the maximum thrust augmen-
tatlon obtainable with combustion-chamber injection, were drawn. In
addition, performance cross plots were obtained which represent practical
engine configuration installations for exlsting aircraft. A comperison
was 8lso made bebtween sltitude and sea-level performance obtalned by this
method of thrust augmentation.

APPARATUS
Engine and Installation

The current production-model axisl-flow turbolet englne used in thils
investigation has a twelve-stage compressor, elght tubular combustion
chambers equipped by the manufacturer for water-alcohol injection, and
a slngle-stage turbine. The engine has a static sea-level thrust rating
of 6080 pounds at the rated speed of 7950 rpm &nd a turbine-outlet tem-
perature of 1245° F based on the standard installation thermocouple
harness.
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The engine was installed in an altitude test chamber 10 feet in
diameter and 60 feet in length and mounted on a thrust measuring bed as
shown in figure 1. The thrust measuring bed was hung fraom four pendulum-
type supports using flexure plates at each end of the supports. The
thrust force was transmitted through a bell crank and lever system to a
null-type force-messuring cell. To keep the thrust-cell forces always
acting in ope direction, a dead-weight preload was added to the thrust
system. A front bulkhead, which incorporated a labyrinth seal around
the forward end of the engine, separated the inlet and exhaust sectlons
of the chamber and provided freedom of movement of the engine in an
axial direction. A rear bulkhead was installed to act as a radiation
shield and to prevent recirculation of the hot exhaust gases gbout the
engine.

Liquid-Injection System

The liquid-injection nozzles used in this investigation (fig. 2(a))
were standard equipment for the engine and designed for sea-level con-
ditions. The nozzles were located in the engine combustion chambers and
the injection system consisted of four nozzles equally spaced around the
periphery of each combustion chamber. Tips of the liguid-injection
nozzles were located approximately flush wlth the combustion-chember
liner and injected the llquid into the primary zone of the combustion
chamber normal to the direction of gas flow. The liquid spray, which was
in the form of & hollow cone, provided a reasonable atomlzatlon of the
injected liguid. The axial locatlon of the injection nozzles is shown
in figure 2(b).

Fuel and Liquid Mixture

Fuel supplied to the engine during this investigation conformed to
specification MIL-F-5624A grade JP-4. The liguid Injection mixture con-
sisted of 30-percent MIL-A-8091 alcohol and 70-percent water by unmixed
volume. The fuel and liquid flows were measured with calibrated rotam-
eters, except at the high liquid flows where a calibrated orifice was
used. : :

Instrumentation

The location of .the instrumentation statlons before and after each of
the princlpal components of the engine 1ls shown in flgure 1. The 24 total-
pressure tubes at statlion 1 were located at the centers of 24 equal areas
and the 18 total-pressure tubes at statlon 9 were located 3.on each of
6 eqgual areas.. The thermocouples at stations 1, 3, 4, 5, and 9 and the
total-pressure tubes at stations 3, 4, and 5 were located on approximately
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equal spacings. The altitude pressure surrounding the Jet nozzle was o
measured by four lip static probes located in the exhaust portion of the “
chamber. The alr flow through the engine was measuréed at station 1, - Al
engline-inlet, and such air flow was corrected for any leakages exlisting B
in the compressor. : IR A S o . o

PROCEDURE = —~ ~ L - . ——
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The performance data presented hereln were obtalned at simulated glti-
tudes of 30,000, 40,000, and 50,000 feet at & flight Mach number of 0.8.
The engine-inlet tobal pressure and temperature and the exhaust static pres-
sure weore held constant for each flight condltion while data were obtalned
for various fixed-area nozzles over a range of water-alcohol iInjection rates
wlth the engine operating at rated engine speed, The nozzle areas used In
this Investigation correspond to the standard area and 97,0, 96.2, and
93.7 percent of the standard area.

The range of liguid-flow rates was from zero to the flow which gave
a liquid-air ratio of spproximately 0.10. This injection rate was set
by the manufacturer as an approximate maximum for safe operation due to
the damaging effect of water hitting hot metal surfaces at the combustor -
outlet and turbine inlet.

RESULTS AND DISCUSSION

The principles of various types of liquid-injection systems used
for obtaining thrust augmentation are discussed in reference 1. How- _ .
ever, in order to facllitate the interpretation of the data reported -
herein, the principles involved in thrust augmentation by ligquid injec-
tion into the combustion chambers are presented in the following
paragraphs. . S e e e R el e

To augment the thrust of a turbojet engine, it 1s necessary to
increase the exhaust-gas velocity or the mass flow. Liquid injection
serves to increase both these quantities. With combustion-chexber
injection, the mass fiow through the turbine is jincreased and the
turbine-discharge temperature 1s decreased at s constant engine speed
and exhaust-nozzle area. Because the turbine nozzle is choked and the
decrease in turbine temperature 1is 1lnsufficlent to compensate for this
increase 1n mass flow, “the turbine-inlet total pressure must be raised
to satisfy flow continuity. The required increase in turbine-inlet
total pressure reflects back to the compressor outlet, resulting in en . P
increase in compressor pressure ratlio. The effect on the compressor is .
much the same as throttling the flow at the discharge; the corresponding o
change in operating point is noted on the following sketch of the com-
pressor characteristic curve as a movement. from point 1 to point Z. -
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If an exhaust nozzle of smaller ares were used to maintain limiting
turbine-ocutlet tempersture, a similar shift in bperating point would be
encountered and the finsl compressor pressure ratio would have a corre-
spondingly higher value for the same engine speed and ligquid-injection
rate (point 2 to point 3) than the larger nozzle would have. This
increased compressor pressure ratlo, being greater than the change in
turbine pressure ratio, results in an increase in tail-pipe pressure
ratlio. The combined effect of Increased tail-pipe pressure ratio and
increased mass flow produce an increase in thrust. Further examinstion
of the compressor curve Indicates That the amount of liquid that can be
injected or the allowable reduction in nozzle aree may be limited by

compressor surge.

Basic Performance Data

The data obtained during thils Investigation are presented as a ratilo
of sugmented to normal engine performesnce over a range of liguid-air
ratios for four fixed-area exhaust nozzles. The normal éngine perform-
ance is the unaugmented performence’ which the engine delivers at each
flight condition. Normal engline performance would be cobtained with the
engine equipped with a fixed-area exhaust nozzle properly sized at sea-
level static condliions to give the limiting turbine-outlet temperature
(1250° F) at rated engine speed. Therefore, at altitude, because of a
decrease in component efficlencles, the rated turbine-outlet tempera-
ture, and consequently meximum unsugmented performance, was encountered
before reaching rated engine speed. The augmented performance was
obtained at rated engine speed and varying turbine-~outlet temperature

depending on the rate of liguld injection.
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The effect of liquid-sir ratloc on pertinent engine and component
performance varisbles for each of four fixed-area exhaust nozzles at =
altitudes of 30,000, 40,000, and 50,000 féet is shown 1n figures 3 to -
10. The increase in compressor pressure ratlio with increasing liquid- - )
air ratioc is shown ln figure 3. For each nozzle slze, the turblne pres- '
sure ratio (fig. 4) remained nearly constant over the range of liquid- . -
alr ratios, so that the exhasust-nozzle pressure lncrease was approxi-
mately proportional to the compressor pressure rise. With the 100-percent
nozzle area and at zero liquid-air ratio, the ratlo of compressOr pres-
sure ratios had a tendency to lncrease above unity and the ratio of
turbine pressure ratios had a tendency to decrease below unlty as the
altitude was increased, because rated speed operation of the engine at
these altitudes occurred sbove limlting exhaust-gas temperature. Other
performence parameter ratios also tend to show a rise gbove a value of
1.0 because of this higher-than-rated exhauet ~-gas temperature operation
at zero liquid-air retio. . R
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The air flow remeined constant over the range of nozzle areas and
ligquid-air ratios investigated (fig- 5), indlcating that the compressor
was operating in the region where the constant engine-speed line was
vertical on the compressor map. The total mass flow therefore increased
linearly with liquid-air ratio (fig. 6). The combustion efficiency, .
based on total fuel and alcohol flow, decreased only slightly as the
liguid-air ratio was increassed (fig. 7), indicating that most of the
alcohol was burning. Consequently, fuel flow (fig. 8) decreased almost "
linearly as liquid-air ratio was increased. The exhaust-gas tempera- --
ture decreased as the liguid-air ratio was increased (fig. 9). However,
the decrease in exhaust-gas temperature was more than offset by the . .
increase in exhaust-pozzle pressure and mass flow with a resultant B
increase in net thrust (fig. 10). Inspection of the data indicate that
all the parameters discussed exhibit the same trends for each of the
three altitudes investigated

Specific Modes of Operation

On the basis of the preceding performance charscteristics, perform-
ance can be determined for several different modes of operation. The
following discusslon will describe the performance of three such modes
of operation which would require the following types "of éxhaust nozzles -
a standard fixed-ares nozzle, a continuousLy varigble-ares nozzle, and
a two-position nozzle. In addition to the exhaust nozzle and control,
each mode of operation would reguire liquid tanks, piping, a pump, and a
regulator on the engine fuel Tlow ag™well as the liquid flow which would
maintain rated engine speed as the liquid-injection rate was varied. '
Operation will be consildered at the 1imiting liquid—air ratio of C. 10,
which, as mentioned previously, was set by the manufacturer as an
approximate maximum for safe operation. . - ._. . . . B
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Standard fixed-ares nozzle. - The datae previously discussed for
100-percent nozzle area (figs. 3 to 10) showed the engine and component
performance with a liquid-injection system installed on & standard engine
wlth a standard fixed-area nozzle. This configuration represents the
most simplified installation and could be incorporated on existing air-
craft with a minimum of modificetlions. At a liquid-air ratioc of 0.10,
the net thrust gain wlth this configuration varied from 14.0 percent at
30,000 feet to 19.5 percent at 50,000 feet (fig. 10). At an altltude
of 30,000 feet it was necessary to extrapolate the data for the
100-percent nozzle-ares curve from a liguid-air ratio of 0.073 to 0.10
because of a limitation on the liquid-system pumping capacity.

Contlnuously variable-area nozzle. - The optimum mode of operation
consists of usling a continucusly variable-area exhaust nozzle in order
to maintain limiting turbine-ocutlet temperature. This configuration
will give the meximum thrust gain at any flight condition. The effect
of liquid-ailr ratio on engine performance including component perform-
ance over a range of altitudes at limiting turbine-outlet temperature
(1250° F) is shown in figures 11 to 14. Superimposed on these figures
as dashed lines are data taken from reference 7. These reference data
were dbtained at static seas-level conditions using an earlier model of
the same turbojet engine but operating at a limiting turbine-outlet tem-
perature of 1275° F.

The compressor pressure ratio (fig. 11(a)) increased more rapidly
and the turbine pressure ratio (fig. 11(b)) decreased less rapidly at
altitude than at sea level for the higher liquid-air ratios. At a
liquid-alr ratio of 0.10, the over-all result 1s that the rise in
exhaust-nozzle pressure ratio was 1 to 2 percent less at altitude than
at sea level.

Combustion efficlency (fig. 12(a)) was nearly constant at altitude,
whereas at sea level there was a rapid fall-off sbove a liquid-air ratio
of 0.06. Therefore, at sea level the fuel flow (fig. 12(b)}) increased
above this liquid-air ratio, whereas at altitude the fuel flow decreased
almost linearly with increasing liguid flow. The loss in combustion
efficiency at sea level is attributed to greater penetration of the
water-alcohol mixture into the coambustor which tends to quench the flame,
thereby requiring more fuel to maintain a constant exhaust-gas tempera-
ture. The greater penetration at sea level than at altitude resulted
from the higher pressure required to injJect the desired liquid flows.
This decrease in combustlon efficiency was also apparent at an altitude
of 30,000 feet with maximum liguid injection (fig. 7).

The engine-inlet air flow (fig. 13(a)) was nearly constant for all
flight conditions including sea level over the range of liguid-air ratios
investigated. Therefore, the ratio of augmented to normal mass flow
increased directly as the liquid-air ratio increased (fig. 13(b)).
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Increasing the-liquid-air ratio at a given altltude decreased the 1
nozzle ares required to maintaein limiting turbine-outlet temperature -
(fig. 14(a)). Increasing the altitude at & given liquid-alr ratio
increased the required nozzle ares to malintain 1imiting turbine =
temperature.

Increasing the-liquid-alr ratio at a glven altitude increased the
jet thrust (fig. 14(b)) approximately linearly. At a given liquid-air
ratio, the augmented jet thrust ratio obtained at sea-level static con-
ditions was nearly twlce. the amount cohtained at altitude and a flight
Mach number of 0.8. This result appears inconsistent because the per-
centage Iincrease in engine pressure ratioc and mess flow at a glven
liguid-~ailr ratic was about the same irrespective of flight condition.

The difference arises from the fact that the tail-pipe pressure ratioc at
sea-level static condltions was approximately 1.7 and at the higher
flight Mach number, ebout 3.5. Consequently, a glven percentags Increase
in tail-pipe pressure ratic resulted in a greater Increase In jet velocity
at pea-level statlc conditions then at a higher flight Mach number. The
net thrust curve (fig. 14(c)) exhibitm the same general trends as the Jet
thrust, and at a llguld-air ratio of 0.10, the net thrust augmentatlion was
1.25, 1 23, and 1. Zl at altitudes of 30 OOO, 40,000, and 50,000 feet,

respectively : : —
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Two-pogition nozzle. - The third configuration considered wowld = _ .
involve operation with a two-position. varisble-area nozzle at a constant T
liquid-air ratio of . 0.10. The engine performence with possible nozzle T
areas for use in this type configuration is shown in figures 3 to 10.
With this configuration, limiting turblne-outlet temperature operation
at rated engine speed would be attained only at the designed flight con-
dition for each nozzle position. Operation below the design altitude
would be at reduced turbine-outlet temperature but at rated speed, while
operetion above the design altitude would be at rated temperature but at
reduced speed. This loss in turbine-outlet temperature or the reduction
in engine speed is more than offset by the increase in mass flow and
exhaust-nozzle pressure ratio so as to result in a substantial net thrust

increase over normal engine operation.

If linditing turbine-outlet temperature operatlon at rated engine -
speed were maintained for a given nozzle ares by regulating the liguid-
injection rate, the net thrust gain would be considerably decreased at
the off-design canditions because of the decreased ligquid-air ratio. It—
is therefore evident that this limiting temperature operation with a two-
position nozzle is an impractical method of thrust sugmentation.

Comparison of modes of operation. - The effect—of altitude on thrust
augnmentetion for the various nozzle configurations 1s shown in figure 15 -
at a constant liguid-air ratio of 0.10. With the continuously variable-
area nozzle, limiting turblne-oqutlet temperature operation results in a
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maximum net thrust augmentation of 1.25, 1.23, and 1.21 for altitudes of
30,000, 40,000, and 50,000 feet, respectively. Using the standard fixed-
ares exhaust nozzle, the augmented net thrust varied from 1.14 to 1.195
as the altitude was increased from 30,000 to 50,000 feet. The decrease
in thrust augmentation with the standard-area nozzle i1s due to operation
at reduced turbine-outlet temperature. Limiting turbine-outlet temper-
ature operation, and consequently meximum thrust augmentation, would be
attained with the standard-area nozzle at an altitude of approximately
52,000 feet. The thrust augméntation ratios for nozzle aress 97.0 and
96.2 percent of the standard aresa are also presented in figure 15. The
design altitudes for these nozzles, 97.0 and 96.2 percent of standard,
are 42,500 and 37,000 feet, respectively. Therefore, the combination of
& reduced area such as this with the standard ares in the form of a two-
position nozzle could reduce the off-design thrust penalties of the
standard nozzle at the lower altitudes.

The effect of liquid-azlryr ratio on the exhsust-nozzle inlet temper-
ature profile for altitudes of 30,000 and 50,000 feet and the location
of the stardard control thermocouple for this engine is shown in fig-
ure 16. As the ligquid-air ratio was increased, the negative slope of
the temperature gradient from the shell to the center of the tail pipe
became more severe. This change in temperature gradient becomes impor-
tant if engine operation is maintained at a constant control temperature
because as ligquid-elr ratio is increased at constant temperature as
indicated by the standsrd control thermcouple, the average tail-plpe gas
temperature decreases.

Operation Characteristics

The duration of this investigstion covered 11.5 hours of engine oper-
ation with approximately 7.5 hours of this time being consumed operating
the engine with liquid injection. The total quantity of weater-alcochol
mixture used was about 10,000 gallons. All the engine time was consumed
with the englne operating either at or slightly gbove limiting turbine-
outlet temperature with no liquld injection, or at slightly reduced
turbine-outlet tempersture with liquid injection. This operation there-
fore represents the severest condition to which any engine flight instal-
lation would be subjected, except possibly for low-altitude flight con-
ditions requiring liquid-injection operation such as take-off or climb.
The time consumed in this investigation (7.5 hr) alsc represents prac-
tically the total life of any one engine in a flight installation
employing a liquid-injection system of this type because. the augmented
time would be approximately 1 percent of the total engine time. No
noticegble deterioration of the englne which could be.traced to the
water-alcohol injection was detected. The engine had 36 hours of oper-
ating time following the last inspection, with the last 11.5 hours being
the liquid-injection program. During the liguid-injection investigation,
no turbine-shroud rubs were encountered. Following the investigation, the

| I
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engine was disassembled from the combustors aft and the parte were
inspected. This inspectlion revealed the existence of three cracks in
the leading edges of three blades in the turbime-nozzle diaphragn.
Because of the large amount of 11mit1ng-temperature or over-tempersture
operation, these cracks could not definitely be attributed to liguid
injection. Bimilar cracks in the turbine diaphragm have been experi-
enced with normsal engine operation.

During the entire program no combustion blow-outs were encountered,
and the transition of engine operation from one liquid-flow rate to
another flow rate was smooth. This ease of operation covered conditions
ranging from minimum to meximum liquid- flow rate changes in a time
interval of less than about 5 seconds. T B

An additional factor that would tend to simplify an injection sys-
tem on a turbojet engine would be the ability of the englne speed
topping governor to regulate engine fuel flow as the liquid injection ..
was varled so as to maintain rated engine speed. However, this char-
acteristic of the engine was not.determined during the present
investigation.

SUMMARY OF RESULTS

The results of this Investigatlion showed that with combustion-
chamber injection of alcohol and water at a liquid-sir ratio of 0.10
while the engine was operating at limlting turbine-outlet temperature
and a flightMach number of 0.80, net thrust augmentations of 1. 25, 1.23,
and 1.21 were possible at altitudes of 30,000, 40,000, and 50,000 feet,
respectlvely. This thrust augmentation.was available at all altitudes
investigated 1f a continuously varlable-area exhaust nozzle was used.
When operating with only the standard exhaust nozzle at a liquid-air
ratio of 0.10, the augmented net thrusts were 1.14 and 1.195 at alti-
tudes of 30,000 and 50,000 feet, respectively.

The use of 10,000 gallons of water-alcchol mixture in 7.5 hours of
engine running time resulted in no noticeable engine structural deterilo-
ration. Engine operation was smooth at all times regardless of the
injection flow rates, and no adverse operational characteristics were
encountered. ' - - B :

Lewls Flight Propulsion Laboratory
Netional Advisory Committee for Aeronautics
Cleveland, Ohio
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Figure 3. - Varlatlon of ratio of augmented to normal compressor pressure ratio
with liquid-air ratio. ZXEnglne speed for augmented operation, 7950 rpm; engine
speed for normel operation determined by rated turbine-outlet itemperature;
flight Mach number, 0.80. S '
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Ratio of augmented to normal turbine pressure ratio
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Figure 4. - Varlation of retlo of augmented to normal turbine pressure ratlio

with liquid-alr ratio.

Fngine speed for augmented operation, 7950 rpm;

engine speed for normal operation determlned by rated turblne-outlet
temperature; flight Mach number, 0.80.
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Figure 5. - Variation of ratio of augmented to normal alr flow with liquid-air
ratio. Engine speed for augmented operation, 7950 rpm; engine speed for
normal operation determined by rated turbine-outlet temperature; flight
Mach number, 0.80C. ’
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Figure 6. - Variation of ratlo of augmented to normal mass flow wilth liquid-air
ratio. Engine speed for augmented operation, 7950 rpm; engine speed for

pormal operation determined by rated turbine-outlet temperature; flight
Mach number, 0.80C. .
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Ratio of augmented to normal combustion efficiency
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Figure 7. - Variatlion of ratlo of augmented to normal combustion efficlency
with liquid-alr ratio. Engine speed for augmented operation, 7950 rpm;
engine speed for normal operation determined by rated turblne-outlet
temperature; flight Mach number, 0.80.
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Ratio of augmented to normal engine fuel flow
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Figure B. - Varistlon of retio of augnemted to normal engine fuel flow with
liguid-air ratio. IEngline speed. for autgmsn'bed operation, 7950 rpm; engine *
speed for normal operation determined by rated tu.r.-’hine-ou.tlot 'bemperature,
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Ratio of augmented to rated normel exhaust-gas temperature
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Flgure 9. - Variation of ratlio of augmented to rated normal exhaust-gas tempera-
ture with liquid-air ratio. FEnglne speed for augmented operation, 7950 rpm;
engine speed for normel operation determined by raited turbine-outlet tempera-

ture; flight Mach number, 0.80.
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Figure 10. - Veriation of ratio of augmented to normml net thrust with liguid-air

ratio. Fngine spsed for auvgmented operation, 7950 rpm; engine speed for normsl
operation determined by ra.ted turbine-outlet temperature; Fflight Mach

number, 0.80.
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Figure 1l1. - Effect of.liquid-air ratlo on compressor and turbine pressure ratios
with engine operating at limiting turbine-outlet temperature of 1250° ¥, Engine
speed for augmented operatlion, 7950 rpm; engine speed for normal operation
determined by rated turbine-outlet temperature.
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Figure 12. - Effect of liguid-air ratlo on combustion efflcliency and englne fuel
flow with engine operating at limiting turbine-outlet temperature of 1250° ®.
Engine speed for augmented opsratlon, 7950 rpm; engine speed for normal opera-
tion determined by rated turbine-outlet temperaturs.
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Figure 13. - Effect of liquld-air. ratio an engine- -inlet air flow and total mesgs

flow with engine operating at 1imiting turbine-outlet temperature of 1250° F.
Engine speed for angmente® operstion, 7950 rpm; engine speed for normal opera-
tion determined by rated turbine-outlet temperaturs.
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Figure 14. - Effect of liquid-alr ratio on exhaust-nozzle area and Jet and net
thrusts with englne operating at limiting turbine-outlet temperature of
1250° ¥, Engine speed for augmented operation, 7950 rpm; engine speed for
normal operatlon determined by vated turbine-outlet temperaturs.



26

sy NACA RM E52L12
Altitude Flight Mach
(rt) number
' ¥

-~~Sea level (ref. 7) 0

o 30,000 .8

(=] 40,000 .8

< 50,000 .8

1.3
~ » g
g 7
8 1.2 t\/
3 | /’ =
o
£ T
E’*’ //
= ] 7
&g d 1.1 —
“ /4/
9 1:rfz”/’/
+ -
g L //c/ T:EQIV
-~
1.0 - A
o} .02 .04 .08 .08 .10 .12

Liquid-air ratio

(c) Net thrust.

Figure 14, - Concluded. Effect of liquid-air ratio on exhaust-nozzle area and
Jot and net thrusie with engine operating at limiting turbine-cutlet tempers-
ture of 1250° F. Englne speed for augmented operaticom, 7950 rpm; engine
speed for normael operation determined by rated turblne-outlet temperature.
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